A number of bacterial pathogens utilize the type III secretion pathway to deliver effector proteins directly into the host cell cytoplasm. Certain strains of Pseudomonas aeruginosa associated with acute infections express a potent cytotoxin, exoenzyme U (ExoU), that is delivered via the type III secretion pathway directly into contacting host cells. Once inside the mammalian cell, ExoU rapidly lyses the intoxicated cells via its phospholipase A 2 (PLA 2 ) activity. A high-throughput cell-based assay was developed to screen libraries of compounds for those capable of protecting cells against the cytotoxic effects of ExoU. A number of compounds were identified in this screen, including one group that blocks the intracellular activity of ExoU. In addition, these compounds specifically inhibited the PLA 2 activity of ExoU in vitro, whereas eukaryotic secreted PLA 2 and cytosolic PLA 2 were not inhibited. This novel inhibitor of ExoU-specific PLA 2 activity, named pseudolipasin A, may provide a new lead for virulence factor-based therapeutic design.
Pseudomonas aeruginosa is the leading cause of hospitalacquired infections by gram-negative bacteria and is responsible for chronic infections of individuals with cystic fibrosis (15) . As P. aeruginosa and other bacterial pathogens become multidrug resistant (22) , there is a continual need for the identification of compounds directed at novel targets that could be developed into therapeutic agents. The ability of P. aeruginosa to cause a number of distinct infections has been attributed to its large genome, which encodes a variety of virulence factors (35) . Prominent among these is the type III secretion system (TTSS), which allows the bacteria to deliver proteins directly into the host cell cytoplasm (39) . ExoU is one of the toxic effector proteins delivered by the type III secretion apparatus, and its expression is associated with strains that cause acute infections (11, 12) . ExoU is a member of the patatin family of phospholipase A 2 (PLA 2 ), and this activity is required for cytotoxicity toward eukaryotic cells (33, 34) . In contrast to eukaryotic phospholipases, which remodel cellular membranes and synthesize proinflammatory secondary messengers such as arachidonic acid and leukotrienes (2, 9) , ExoU PLA 2 activity primarily causes disruption of the host cytoplasmic membrane, resulting in cell lysis (24, 32, 33) .
We sought to identify compounds that inhibit type III secretion-mediated cytotoxicity by protecting tissue culture cells from infection by P. aeruginosa strains that elaborate ExoU as a sole cytotoxic effector. From a synthetic small-molecule library, we have identified compounds that protected Chinese hamster ovary (CHO) cells from the cytotoxic activity of P. aeruginosa expressing ExoU. One of the most potent compounds is pseudolipasin A (Pseudomonas phospholipase inhibitor A). Pseudolipasin A does not interfere with type III secretion in general, suggesting that the protection observed occurs downstream of the delivery of ExoU. Pseudolipasin A not only protected CHO cells from intoxication but also rescued the amoeba Dictyostelium discoideum from ExoU-mediated killing by P. aeruginosa. Furthermore, the cytotoxicity of cytoplasmically expressed ExoU in Saccharomyces cerevisiae was inhibited by pseudolipasin A. Pseudolipasin A inhibited the PLA 2 activity of ExoU in vitro but did not affect any of the other eukaryotic PLA 2 enzymes tested, including the cytosolic phospholipase that promotes the generation of arachidonic acid and subsequent generation of a proinflammatory immune response. This screen of a small-molecule chemical library identified a specific inhibitor of the enzymatic activity of a toxin that could be a prototype of therapeutic agents targeting bacterial virulence factors.
MATERIALS AND METHODS
Strains and media. P. aeruginosa strain PAK-VL1 (PAK ⌬exoS ⌬mexAB att::exoU spcU/pMMB-exsA) harbors a deletion of the exoS gene, a deletion in the mexAB genes encoding the major drug efflux pump, a chromosomal insertion of exoU-spcU from PA103 at the ctx site, and the type III transcriptional activator exsA under the control of isopropyl-␤-D-thiogalactopyranoside (IPTG) on the pMMB67 plasmid (37) . Strains PAK, PA103, and PA14 have been described elsewhere (4, 18, 27) . P. aeruginosa strains were routinely grown in Luria-Bertani broth (LB) and induced for type III secretion by chelating Ca 2ϩ with 5 mM EGTA. Plasmid pMMB-exsA was maintained with 50 mg/ml carbenicillin, and exsA expression was induced with 1 mM IPTG. Assays for secretion and injection utilized pVL710 and pVL712. pVL710 is a pMMB-Ap-based plasmid that contains an exoU promoter driving the expression of ␤-lactamase. pVL712 contains the promoter of exoU driving the expression of an ExoU(S142A)-␤-lactamase fusion protein. S. cerevisiae BY4742 was grown on yeast-peptone-dextrose medium. Plasmid pDH105 was maintained in BY4742 by growth on minimal synthetic defined (SD) base medium supplemented with ϪLeu dropout supplement (SD ϪLeu; Clontech, Mountain View, CA). D. discoideum strain AX3 was propagated in HL5 medium (per liter, 10 g of dextrose, 5 g of yeast extract, 5 g of Thiotone peptone, 0.67 g of Na 2 HPO 4 ⅐ 7H 2 O, 0.34 g of KH 2 PO 4 , and 0.05 g of streptomycin-sulfate).
Chemical library and screening facility. The known PLA 2 inhibitors methyl arachidonyl fluorophosphonate (MAFP) and bromoenol lactone (BEL) were purchased from Cayman Chemical (Ann Arbor, MI). The Microformat E collection from ChemBridge (San Diego, CA) consists of 50,000 compounds and was screened in duplicate in a high-throughput screening assay. In this assay, the final concentration of compounds after pin transfer from a stock solution of 5 mg/ml is 12.5 g/ml (approximately 25 to 50 M depending on the molecular weight of each compound). The screening was performed at the Institute of Chemistry and Cell Biology at Harvard Medical School.
Inhibition of CHO cell killing by P. aeruginosa expressing ExoU. CHO cells were grown in F-12 medium supplemented with 10% fetal bovine serum and 2 mM glutamine. A total of 1 ϫ 10 4 CHO cells per well were seeded in 384-well plates. Compounds were pin transferred into 384-well plates, and the A 405 was read to exclude compounds with high absorbance at the output wavelength. CHO cells were infected at a multiplicity of infection (MOI) of 10 with PAK-VL1 grown to a mid-log-phase culture in 1 mM IPTG to induce expression of the type III secretion system. Antibiotics were added 2 h postinfection to restrict the cytotoxicity mediated by ExoU as well as to eliminate bacteria that would interfere with the readout. After an additional 5 h of incubation, a tetrazolium-based reagent, WST (Roche Applied Science, Indianapolis, IN), was added to the wells to detect the total reducing potential, which is an indicator of the number of live cells as measured by absorbance reading at 405 nm. Compounds that provided protection were retested in 96-well plates. In addition, compounds that protected cells from ExoU-mediated lysis were also tested by measuring the release of cellular lactate dehydrogenase (LDH; Roche Applied Science, Indianapolis, IN) (17) .
High-throughput secretion assay for the fusion of ExoU to the mature portion of ␤-lactamase lacking the signal peptide (BlaM). P. aeruginosa PAK or PAK⌬pscC containing either pVL710 and pVL712 was grown in LB containing 50 g/ml carbenicillin. The bacteria were subcultured to an optical density at 600 nm (OD 600 ) of 0.005 in LB supplemented with 5 mM EGTA to induce the TTSS, and 25 l was dispensed into 384-well plates and incubated for 3 h at 37°C. A 25-l volume of LB supplemented with 5 mM EGTA and 50 g/ml nitocefin (EMD Biosciences, Madison, WI) was added to each well, and plates were read at 490 nm and 650 nm over a 60-min period.
High-throughput injection assay for ExoU-BlaM fusion. Confluent monolayers of CHO cells were grown in black, clear-bottom, 384-well plates. Cells were infected for 2 h at an MOI of 10 with P. aeruginosa PAK or PAK⌬pscC containing either pVL710 or pVL712. CCF4-AM (Invitrogen, San Diego, CA) was added according to the manufacturer's instructions for 30 min. The plates were read in a TECAN fluorescence plate reader using excitation at 360 nm and emission at 450 nm for coumarin and excitation at 360 nm and emission at 535 nm for fluorescence resonance energy transfer of coumarin to fluorescein isothiocyanate.
Protection of Dictyostelium discoideum from P. aeruginosa PA103-mediated killing. P. aeruginosa PA103-mediated killing of D. discoideum strain AX3 on SM/50 agar plates (per liter, 0.1 g of MgSO 4 , 1.9 g of KH 2 PO 4 , 1.0 g of K 2 HPO 4 , 0.2 g of glucose, 0.2 g of Bacto peptone, 0.02 g of Bacto yeast extract, and 20 g of Bacto agar; Difco, Franklin Lakes, NJ) was carried out as described previously (25) . Inhibitors were added to the agar medium at the indicated concentrations and poured into 6-well plates.
Protection of Saccharomyces cerevisiae from ExoU-mediated killing. For heterologous expression of exoU in S. cerevisiae, plasmid pDH105-ExoU, which allows copper-inducible-expression of exoU, was constructed. The exoU gene was amplified from plasmid pET24aExoU.9 (1) by PCR with primers 5Ј-GAGCTC ATGCATATCCAATCGTTGG-3Ј and 5Ј-GCTAGCTCATGTGAACTCCTTA TTC-3Ј, and the resulting product was introduced into the TA cloning vector pCRII-TOPO (Invitrogen, San Diego, CA). ExoU was excised as a SacI/NheI fragment, blunt ended, and ligated into XbaI-cut and blunt-ended plasmid pDH105 (a gift from Daniel B. Hall, Harvard Medical School).
S. cerevisiae strain BY4742 harboring plasmid pDH105-exoU was grown overnight in SD ϪLeu to maintain selection of the plasmid. Inhibitors were diluted to various concentrations in SD ϪLeu and placed in wells of a 96-well plate as indicated. The yeast culture was diluted to an OD 600 of 0.05 and aliquoted into wells of 96-well plates containing inhibitors, and exoU expression was induced with 0.5 mM CuSO 4 . Plates were incubated in a humidified chamber at 30°C for 24 h and resuspended by pipetting prior to spectrophotometer reading at 600 nm. Protection on SD ϪLeu agar was performed with 0.75 mM CuSO 4 at the indicated concentrations of inhibitors.
In vitro PLA 2 assays. Recombinant N-terminal six-His-tagged ExoU and catalytically inactive ExoU(S142A) were purified from Escherichia coli BL21 harboring the pET19 plasmid, containing the genes encoding these proteins (34) . After purification over Ni 2ϩ -nitrilotriacetic acid resin, the proteins were concentrated into a buffer containing 20 mM HEPES (pH 7.4)-50 mM NaCl and stored as aliquots at Ϫ80°C. The CHO cell extract was purified as described previously (38) , resuspended in 20 mM HEPES (pH 7.4)-50 mM NaCl, and frozen in aliquots at Ϫ80°C. Inhibitors were resuspended in dimethyl sulfoxide (DMSO) at 1 mg/ml. A cytosolic PLA 2 (cPLA 2 ) assay was purchased from Cayman Chemical (26) , and the cPLA 2 activity of ExoU was assayed according to the manufacturer's protocol. Inhibition of ExoU activity was performed with reaction mixtures containing 5 g of ExoU, 5 g of CHO extract, 5 g of each inhibitor in DMSO, and the arachidonic thioester phosphatidylcholine (TEPC) substrate. PLA 2 cleavage results in the generation of free thiol groups that are detected by addition of 5,5Ј-dithio-bis-(2-nitrobenzoic acid) (Ellman's reagent; DTNB) and continuous reading of the plate at 414 nm. The percentage of hydrolysis was calculated from the 60-min time point.
Alternatively, ExoU PLA 2 activity was monitored by the release of oleic acid from 1-palmitoyl-2-[1-
14 C]oleoyl phosphatidylcholine (POPC) (Amersham Biosciences, Piscataway, NJ) as described previously (34) . Briefly, 1 g of recombinant ExoU was mixed with 10 g of yeast extract and added to 14 C-labeled POPC-1-palmitoyl-2-oleoyl-phosphatidyl serine (POPS) vesicles for 6 h at 30°C with and without inhibitors at the indicated concentrations.
Secreted PLA 2 (sPLA 2 ) was assayed using the sPLA 2 detection kit from Cayman Chemical using diheptanoyl thioester phosphatidylcholine as the substrate. Bee venom PLA 2 was obtained from Cayman Biochemical. Human group IID, IIE, V, X, and XII PLA 2 were generously provided by BioVendor Laboratory Medicine (Candler, NC).
Inhibition of ExoU-mediated lysis of peripheral blood PMN. Peripheral blood polymorphonuclear neutrophils (PMN) were isolated from freshly isolated blood by centrifugation over RPM medium (ICN, Irvine, CA) and washed once with modified Eagle's medium. A total of 5 ϫ 10 5 PMN were infected with strain PA103 opsonized with serum at an MOI of 10 and treated with 1% DMSO with or without 10 g/ml of inhibitor. After 1 h of incubation at 37°C, the supernatant was collected and assayed for LDH (Roche Applied Sciences).
Production of LTC 4 by BMMC. Experiments were performed as described previously (21) . Cultured bone marrow-derived mast cells (BMMC) were sensitized with monoclonal immunoglobulin E against trinitrophenyl (TNP) for 60 min. After being washed with WEHI-3 medium, cells were resuspended to 2 ϫ 10 7 /ml and mixed with pseudolipasin A or MAFP at the indicated concentration for 10 min. The cells were stimulated at 37°C with 100 ng/ml TNP-conjugated bovine serum albumin. After 10 min, the reaction was stopped by centrifugation of the cells at 120 ϫ g for 5 min at 4°C, and the supernatants were assayed for leukotriene C4 (LTC 4 ).
RESULTS
Screening of a compound library for inhibitors of P. aeruginosa cytotoxic activity. To identify inhibitors that prevent intoxication of mammalian cells by P. aeruginosa expressing ExoU, we developed an assay that measures the total reducing potential of cells after P. aeruginosa infection as an indication of their viability. For this assay, we engineered strain PAK-VL1 (PAK ⌬mexAB ⌬exoS att::exoU spcU/pMMB-exsA which carries a deletion of the genes encoding the MexAB efflux pump such that the bacteria would be sensitized to small molecules acting on intracellular targets. exoS, the gene native to strain PAK that also encodes a type III secreted cytotoxin, is deleted, and the exoU operon from PA103 is placed in the ctx site on the chromosome (17) . PAK-VL1 injection of ExoU via the TTSS resulted in a rapid cytotoxic effect on CHO cells (17, 36) .
The high-throughput assay of ExoU-mediated cytotoxicity allowed rapid screening of 50,000 compounds in ChemBridge Microformat Library E. Cells infected with P. aeruginosa PAK-VL1 (Fig. 1A, 1st and 2nd columns) are intoxicated and unable to reduce WST, whereas cells protected by gentamicin (Fig.  1A, 23rd and 24th columns) are viable and reduce WST to the same extent as uninfected controls. Active compounds that can protect CHO cells from infection allow reduction of WST and result in a change in absorbance at 405 nm (Fig. 1A) . The initial screen yielded 88 compounds that were able to protect CHO cells from the cytotoxic activity of PAK-VL1. One of these hits was the antibiotic ciprofloxacin, which has known bactericidal activity against P. aeruginosa, thus providing evidence that the screen was sensitive enough to detect bacterial growth inhibitors that could protect CHO cells. Upon subsequent retesting of active compounds, a subset demonstrated the ability to protect CHO cells from the cytotoxic action of P. aeruginosa (see Table S1 in the supplemental material). The most potent compound was 9H-fluorene-4-carboxylic acid amide, which we named pseudolipasin A (Pseudomonas phospholipase inhibitor A) (Fig. 1B) . Using an LDH release assay to determine the amount of cell lysis, we determined that pseudolipasin A has a 50% inhibitory concentration (IC 50 ) of 1 to 7.5 M against a variety of P. aeruginosa strains expressing ExoU, including PAK-VL1, PA103, and PA14 (Fig. 2) . P. aeruginosa strains lacking the MexAB efflux pump are more sensitive to pseudolipasin A, whereas the up-regulation of the TTSS by overexpression of ExsA resulted in strains that were less sensitive to pseudolipasin A. The cytotoxicity of P. aeruginosa strains that lack ExoU, such as the parental PAK strain, was not affected by pseudolipasin A (Fig. 2) . The structure and purity of pseudolipasin A were confirmed by liquid chromatography-mass spectrometry and 1 H nuclear magnetic resonance (see Fig. S1 in the supplemental material). To test whether pseudolipasin A is toxic to eukaryotic cells, CHO cells were propagated in 20 g/ml of pseudolipasin A; they grew at the same rate as cells treated with the DMSO carrier over the course of 7 days. Additionally, no morphological changes were observed in the treated cells compared to cells grown in medium only (data not shown). These data suggest that pseudolipasin A is not toxic to mammalian cells.
Active compounds could act at several stages of intoxication, including interference with the assembly of the type III secretion machine, the delivery of ExoU into the host cell cytoplasm, the interaction of ExoU with its host activator, and the PLA 2 activity of ExoU (34) . Moreover, compounds that either affect the synthesis of ExoU, block general protein synthesis, or kill P. aeruginosa by any mechanism would also lead to the rescue of CHO cells. However, none of the compounds other than ciprofloxacin possessed antibacterial activity at 10-g/ml concentrations. The other possibilities were investigated, and the results are described below.
Pseudolipasin A does not inhibit type III secretion or type III injection into mammalian cells. We conducted several additional assays for type III-dependent secretion and injection by utilizing a ␤-lactamase reporter that fused BlaM to the C terminus of ExoU (Fig. 3A) . As a result, type III secretion can be detected by ␤-lactamase cleavage of nitrocefin in the calcium-depleted TTSS-induced culture (23) . Secretion of the ExoU-BlaM fusion (from plasmid pVL712) can be readily measured using the nitrocefin assay (Fig. 3B) . Neither BlaM alone (expressed from pVL710), which lacks the type III secretion signal, nor a type III-defective strain (⌬pscC) can secrete BlaM via the TTSS. These data demonstrate that the iai.asm.org export of the BlaM reporter depends on fusion to a type III secretion signal and a functional TTSS (Fig. 3B) . Addition of pseudolipasin A to PAK/pVL712 had no effect on low-calciuminduced type III secretion (Fig. 3B) . As a control, pseudolipasin A was added to nitrocefin, which resulted in no measurable chemical cleavage of nitrocefin (Fig. 3B) . Type III-dependent injection of the hybrid protein can be detected by ␤-lactamase cleavage of CCF4 in the cytosol of intoxicated cells (5, 40) . Only wild-type P. aeruginosa with a functional TTSS expressing the ExoU-BlaM fusion protein was able to deliver BlaM into the host cells as detected by CCF4 cleavage (Fig. 3C) . Addition of pseudolipasin A had no effect on the delivery of ExoU-␤-lactamase into the cytosol of CHO cells (Fig. 3C) . These results suggest that pseudolipasin A acts at a step downstream from TTSS-mediated delivery of ExoU.
Protection of Dictyostelium discoideum from P. aeruginosa expressing ExoU. In order to assess whether pseudolipasin A interference with P. aeruginosa-mediated killing is specific for CHO cells, we examined other eukaryotic models that are sensitive to type III-mediated killing. The amoeba D. discoideum has previously been shown to be susceptible to killing by P. aeruginosa PA103 in a type III secretion-dependent manner, and the PLA 2 activity of ExoU was shown to be responsible for this toxic activity (25) . In this assay, amoebae fed on a lawn of bacteria will form plaques unless the D. discoideum is killed. The presence of pseudolipasin A in the agar protected D. discoideum from P. aeruginosa PA103, allowing the formation of visible plaques (Fig. 4A) . Pseudolipasin A protected D. discoideum with an IC 50 of 0.2 M. Addition of MAFP, a substrate analog inhibitor for cytosolic PLA 2 that also inhibits ExoU PLA 2 activity (24, 34), did not protect D. discoideum from PA103 (Fig. 4B) . Although MAFP did not permit the growth of D. discoideum on E. coli, MAFP did not affect growth in liquid medium (data not shown). These data suggest that a PLA 2 is required for the amoeba to utilize bacteria as a food source and that MAFP, rather than inhibiting an unknown essential target, has an activity that is highly specific against D. discoideum PLA 2 . Thus, pseudolipasin A acts to protect the eukaryotic cell from ExoU-dependent killing in a system in which the known PLA 2 inhibitor MAFP cannot, suggesting that pseudolipasin A has a greater specificity for ExoU. These results also demonstrate that protection by pseudolipasin A occurs in a number of eukaryotic cells.
Protection of Saccharomyces cerevisiae from intracytoplasmically expressed ExoU. Since pseudolipasin A appears to act downstream of type III injection of ExoU, we asked whether the activity of this compound requires a functional TTSS. We used an S. cerevisiae expression system in which exoU transcription was controlled by the copper-inducible promoter-1 (cup1). Addition of Cu 2ϩ to the culture medium leads to expression of exoU and subsequent cell death, thus providing a method for detecting protection against ExoU activity in the absence of bacterial delivery. The PLA 2 inhibitor MAFP was able to protect yeast induced with copper from ExoU-mediated killing at an IC 50 of 80 nM (Fig. 5) . Pseudolipasin A also protects yeast from killing after ExoU induction with an IC 50 of 7 M for liquid medium and 1.5 M for solid medium (Fig. 5A and B) . Thus, pseudolipasin A acts directly on ExoU within the eukaryotic cell, independently of the bacterial type III secretion mechanism.
Inhibition of the PLA 2 activity of ExoU in vitro. Inhibition of ExoU PLA 2 activity by pseudolipasin A was examined using two different enzymatic assays. The first assay is based on the cleavage of arachidonyl-TEPC, resulting in the generation of a free thiol at the sn-2 position that in turn reduces DTNB, yielding a colorimetric readout (29) . Since the PLA 2 activity of ExoU requires activation by an unknown eukaryotic cellular factor, each reaction was supplemented with a CHO or yeast cell extract. When arachidonyl-TEPC was used as the substrate, purified ExoU showed CHO extract-dependent PLA 2 activity. A mutant variant of ExoU [ExoU(S142A)] with a substitution in the phospholipase catalytic dyad was completely inactive in this assay (data not shown). When this assay was FIG. 3 . Secretion of ExoU-BlaM via the P. aeruginosa type III secretion system is not affected by pseudolipasin A. (A) Gene constructs of ␤-lactamase fusions BlaM (pVL710) and ExoU-BlaM (pVL712). (B) Type III secretion of BlaM (pVL710) or ExoU-BlaM (pVL712) was assayed for P. aeruginosa strain PAK and a type III secretion system-defective (⌬pscC) mutant in low-calcium medium. Secretion of ExoU-BlaM is measured by an increase in the cleavage of nitrocefin detected as the absorbance at 490 nm. (C) Type III injection was assayed by infecting CHO cells with P. aeruginosa strain PAK or a type III secretion system-defective (⌬pscC) mutant harboring a plasmid encoding BlaM (pVL710) or ExoU-BlaM (pVL712). Subsequent addition of CCF4 allows detection of BlaM as a change in the ratio of relative fluorescence intensities emitted at 465 nm and 535 nm.
used to test inhibition of the PLA 2 activity of ExoU by pseudolipasin A and MAFP, pseudolipasin A had an IC 50 of 7 M (Fig. 6A) , whereas the PLA 2 inhibitor MAFP irreversibly inhibited ExoU with an IC 50 of 20 nM (Fig. 6A) .
The second assay is based on detection of cleavage products of 14 C-labeled phosphatidylcholine by thin-layer chromatography (34) . ExoU activity was also assessed by measuring the release of 14 C-labeled fatty acid from palmitoyl oleoyl phosphatidylcholine as described previously (34) . MAFP inhibited this reaction by 75%, while BEL inhibited this reaction by 60% (Fig. 6B) . Pseudolipasin A inhibited 80% of the reaction at concentrations similar to those of MAFP and BEL (Fig. 6B) . These results indicate that pseudolipasin A inhibits the PLA 2 activity of ExoU in vitro.
Chemically related pseudolipasin A analogs and inhibitory activity. Compounds with structures similar to that of pseudolipasin A were identified (Table 1 ) and tested for their abilities to inhibit ExoU PLA 2 activity in vitro. Modification of the primary amine in pseudolipasin A resulted in inactive compounds. Furthermore, hydrophilic modification or addition of a fluorene ring also produced inactive compounds. The inability of structural analogs to act on the same process supports the finding that pseudolipasin A, identified in this screen, has a defined chemical specificity toward ExoU-mediated cytotoxicity. Interestingly, the primary screen and analysis of structur- Ta- bles S1 and S2 in the supplemental material). Phenylamino-4,6-dimethyl-nicotinamide derivatives were capable of protecting CHO cells from killing by ExoU-expressing P. aeruginosa, but they were not as potent as pseudolipasin A. Both phenylamino-4,6-dimethyl-nicotinamide and pseudolipasin A have a free acetamide moiety and two 6-member rings with little hydrophilicity. Given the conservation of some of the structural features of these compounds, it is conceivable that they inhibit ExoU by similar mechanisms. Pseudolipasin A is an ExoU-specific inhibitor of PLA 2 . A number of eukaryotic PLA 2 have been implicated in immune function by eliciting a proinflammatory response via the generation of secondary molecules such as leukotrienes (LTC 4 ) and arachidonic acid (2, 9). In addition, sPLA 2 have demonstrated antibacterial activity (8, 13, 16, 30) . Pseudolipasin A was tested against a panel of sPLA 2 to determine its range of biological inhibition. The activity of sPLA 2 was measured by use of the substrate diheptanoyl-TEPC (28) . The cleavage of diheptanoyl-TEPC results in generation of free thiol at the sn-2 position, which can be measured by the reduction of DTNB. Pseudolipasin A did not inhibit bee venom PLA 2 (group IV) or human group IID, IIE, V, X, or XII PLA 2 at 81 M concentrations (see Table S3 in the supplemental material). cPLA 2 share several conserved sequence features with ExoU, including the same residues in the catalytic dyad (34) . The activity of cPLA 2 was measured indirectly in murine bone marrow-derived mast cells as the generation of the secondary molecule LTC 4 from arachidonic acid released by cPLA 2 . The addition of pseudolipasin A up to 50 M had no effect on LTC 4 production, whereas the addition of 1 M MAFP resulted in a decrease in LTC 4 production (Fig. 7A) . These results suggest that pseudolipasin A is a specific inhibitor for ExoU PLA 2 activity.
A consequence of the proinflammatory response is the recruitment of neutrophils to the site of PLA 2 activation, and this recruitment is an immediate host response to P. aeruginosa infections (20, 31) . The compounds identified from our screen were tested for their abilities to provide protection of primary peripheral blood neutrophils from lysis mediated by ExoUexpressing P. aeruginosa. Peripheral blood neutrophils were infected with strain PAK-VL1 opsonized with serum at an MOI of 10. In the absence of compounds, the neutrophils were lysed rapidly (Fig. 7B) . In the presence of the known inhibitor MAFP, 60% of the neutrophils were protected from lysis (Fig.  7B) . Pseudolipasin A provided 40% protection at approximately twice the concentration of MAFP (Fig. 7B) . These results indicate the possibility of these compounds and their derivatives may act as therapeutic agents for in vivo infection models.
DISCUSSION
In this study, we describe a cell-based assay for the detection of inhibitors of mammalian cell killing by the cytotoxins delivered by bacterial type III secretion systems. Since the assay is based on cell viability in the presence of cytotoxin-producing bacteria, cytotoxic compounds were excluded. An additional attractive feature of this screening format was the ability to identify compounds that target individual components of a complex pathway, beginning with the synthesis of the effectors by the bacteria, their delivery, and their intracellular activity. The screen yielded several active compounds, some of which were structurally related. We then used additional assays to define the specificity of the target of the compounds. A subset of the compounds protected CHO cells against the lethal action of P. aeruginosa expressing ExoU, but not against an isogenic strain expressing ExoS, an unrelated cytotoxin also delivered by the type III secretion system (Fig. 2) . We therefore concluded that this group of molecules targeted ExoU following its entry into CHO cells by interfering with its activation or PLA 2 enzymatic activity. The ability of these compounds to protect S. cerevisiae from killing by plasmid-encoded ExoU confirmed this hypothesis (Fig. 5 ). Pseudolipasin A acts by inhibiting ExoU-catalyzed PLA 2 activity in vitro. Depending on the assay system used, the potency of pseudolipasin A compared to that of known inhibitors of PLA 2 varied, and their activities in in vitro and in vivo assays did not always correlate well. A number of factors may contribute to these observed differences in pseudolipasin A activities. One of the rate-limiting steps in the activity of an inhibitor active in the cytoplasm is efficient uptake and accumulation of sufficient inhibitory levels. Therefore, any differences in the permeability of PLA 2 inhibitors in various cell types would be reflected in their relative potencies, which would be significantly different from those observed in in vitro enzymatic assays. Alternatively, different compounds could have different fates, depending on their interactions with various cellular constituents, leading to interference with their inhibitory activities. Finally, we cannot exclude the possibility that the target of pseudolipasin A is the unknown cellular activator of ExoU, while the known PLA 2 inhibitors very likely interfere directly with the enzymatic activity. Therefore, target specificity would also account for different efficiencies of PLA 2 inhibitors in various assays.
Identification of ExoU PLA 2 inhibitors provides leads to three areas of research: identification of novel functions for PLA 2 enzymes, dissection of the enzymatic activity of ExoU, and development of novel therapeutics. An interesting observation is that the reaction intermediate PLA 2 inhibitor MAFP prevented D. discoideum from forming plaques on bacteria but does not affect the growth of the amoebae in liquid medium (V. T. Lee, unpublished data). Since MAFP is a potent inhibitor of ExoU-mediated cytotoxicity, the inability of D. discoideum to form plaques indicates that MAFP inhibits a PLA 2 , an arachidonate binding protein, or another off-target function required for the phagocytosis of bacteria. A survey of phospholipase genes in the Saccharomyces genome database (6) and the D. discoideum database (dictyBase) (7) revealed only one PLA 2 in yeast, which has been shown to be involved in meiotic but not in haploid growth, whereas in D. discoideum no PLA 2 could be identified. Data from this study confirm that PLA 2 activity is dispensable for S. cerevisiae growth (19) . Thus, the MAFP-mediated inhibition of D. discoideum growth on a bacterial lawn may be due to other arachidonate-utilizing proteins that could be inactivated by MAFP. A search of the dictyBase for arachidonate revealed a putative arachidonate 12-lipoxygenase (lipA) that is transcriptionally induced in the early response to Legionella infection (10) . Further characterization of lipA will reveal whether it is essential for phagocytic utilization of bacteria as a food source. Future experiments determining the inhibitory target of MAFP that prevents the growth of D. discoideum on bacteria could reveal a novel function of PLA 2 in the phagocytic process.
Pseudolipasin A could be a useful tool for probing the mechanism of the intracellular PLA 2 activity of ExoU. Studies of other PLA 2 suggest that there are two sequential steps for activity, binding to the aqueous-lipid interface to gain access to the substrate followed by enzymatic cleavage of lipids along the interface, which could also apply to ExoU (3). In the scenario of type III secretion-delivered ExoU, the incoming toxin may act on the lipids located around the injection needle, thus bypassing the requirement for interfacial binding. However, ExoU expressed directly with cells also results in cytotoxicity, suggesting that a cytosolic protein or a protein in the inner leaflet of the plasma membrane can recruit ExoU. Alternatively, the host activator could be required for activating the PLA 2 activity of ExoU. One possible mechanism to account for the inhibition of the PLA 2 activity of ExoU and the lack of any discernible effect on eukaryotic PLA 2 is that pseudolipasin A, in preventing either the recruitment or the activation of PLA 2 , interferes with the interaction of ExoU with this unknown host factor. A prediction from this proposed mechanism is that pseudolipasin A is a noncompetitive allosteric inhibitor that does not occupy the active site. Testing of this hypothesis awaits the identification of the host activator. An in vitro assay with purified components will allow elucidation of the mechanism of PLA 2 inhibition by pseudolipasin A and other ExoU inhibitors identified in this screen. In addition, the inhibitors should distinguish the function of the host factor in interfacial binding or activation of PLA 2 activity. Thus, pseudolipasin A represents a novel class of inhibitor that is specific for the phospholipase A 2 activity of a bacterial virulence factor. In analogy with recent work targeting virulence mechanisms in pathogenic bacteria (14) , pseudolipasin A represents another member of the emerging group of anti-infectives that do not kill or inhibit the growth of the microorganisms but instead attenuate their virulence. P. aeruginosa has been shown to require ExoU in a number of infection models, and expression of ExoU correlates with severe outcomes of certain human infections. Pseudolipasin A may be a lead compound for a therapeutic agent, due to its specificity for the PLA 2 activity of the ExoU toxin and its lack of identified effects on a variety of eukaryotic cells. Increasing the potency of analogous compounds could provide suitable candidates for testing in animal models. 
